The polarization dynamics of vertical-cavity surface-emitting lasers operating close to threshold is investigated experimentally. For free-running devices a characterization of the dynamics is given for a scenario when two modes are excited at threshold due to a small net gain anisotropy. The polarization dynamics in this regime are found to be governed by the relaxation oscillations and to exhibit an anticorrelation of the two modes. The level of anticorrelation is strongly depending on the injection current. If isotropic feedback by a distant reflector is added, the dynamics are governed by the external cavity round-trip time scale and low frequency fluctuations are observed for both modes. These are shown to occur also for large net gain anisotropy, but without excitation of polarization degrees of freedom.
INTRODUCTION
Vertical-cavity surface-emitting lasers (VCSELs) are often used devices in todays information technology, especially in fiber-based communication systems as local area networks. In contrast to their edge-emitting counterparts, VCSELs exhibit some advantages that are consequences of their different cavity geometry. Due to the short cavity length, VCSELs operate in a single longitudinal mode only. 1 In addition, the fact that emission takes place in the vertical direction, i.e. in the direction of crystal growth, overcomes the geometrical constraints of edge-emitting lasers and results in a circular geometry of the active zone. This opens the possibility of circular beam profiles and thus easy coupling of the VCSEL emission to optical fibers without a huge amount of additional beam shaping optics.
However, the circular geometry does not provide a polarization preference and hence polarization degrees of freedom are easily excited. A prominent manifestation of the resulting polarization instabilities is the phenomenon of polarization switching, [2] [3] [4] [5] [6] [7] [8] [9] i.e. a sudden change to the linear state of polarization oriented orthogonally to the one selected at threshold, if the current surpasses a critical value. On the one hand side, these polarization instabilities can set limits to device performance in potential applications. 10 But the possibility of devices that take advantage of the polarization degrees of freedom in VCSELs has been discussed also.
11
In spite of this tendency to display polarization instabilities, most authors report the selection of a well defined state of polarization at lasing threshold. 5 This has been attributed to residual anisotropies that break the circular symmetry of the VCSEL cavity. 3 Due to birefringence, the resonance frequency of electromagnetic waves with orthogonal polarization is no longer degenerate. Instead, orthogonal linear polarizations are emitted in different longitudinal modes of same order but with slightly different optical frequencies. These modes will, in general, also have a slightly different net gain (net gain = unsaturated gain -unsaturated losses), which results in the selection of the favored mode at threshold. 3 In this paper, the term 'dichroism' will be used to denote the resulting net gain anisotropy that results from various effects like mechanical stress, 3, 7, 12 anisotropic losses in the Bragg mirrors of the VCSELs 13 and gain differences for the polarization modes due to the different material gain that is caused by the different positions of the modes on the gain curve. However, even at threshold the selection of the polarization state is not perfect in every device and under every operating condition. In a few experiments 7, 14, 15 the excitation of both orthogonal polarization modes at threshold, followed by the continuous depletion of one mode for increasing current, has been observed. In 14 this scenario has been shown to disappear for an anisotropic transverse cavity geometry in which the losses for one mode are increased. Data published in 16 show also an increase of output power in both modes at threshold. Both modes display also a similar linewidth characteristics. This behavior has been interpreted as a typical threshold behavior of the nonlasing mode and has been termed 'anomalous spontaneous emission'. However, in none of these papers this scenario was investigated in deeper detail.
In this paper, it will be shown that for a small modulus of the dichroism both orthogonally polarized modes are lasing at threshold. We will term this regime two-frequency emission state. If the dichroism is changed by changing the operating conditions, i.e. by changing the substrate temperature, a continuous transition to a polarization switching scenario at higher currents is observed. The dynamics of the two modes will be shown to be anticorrelated. The strength of the anticorrelation depends on current and the characteristic time scale is the one of the relaxation oscillations.
An interesting question is, how the dynamics in this regime are affected by isotropic optical feedback, as it naturally occurs in applications like, e.g., fiber coupling. Polarized feedback was shown before to have a rather strong impact on VCSELs. [17] [18] [19] There are also several experimental publications dealing with the spectral and noise properties [20] [21] [22] [23] of VCSELs with feedback, but -in contrast to edge-emitting semiconductor lasers -the temporal dynamics of VCSELs exposed to isotropic feedback have been only scarcely investigated. 22 In the latter paper, a scenario similar to the low frequency fluctuations (LFF) known from edge-emitting semiconductor lasers (for an overview we refer to 24 ) has been demonstrated for the total output power. Theoretical considerations can be found in.
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In this paper we will show the existence of LFF in both of the orthogonally polarized modes, if isotropic feedback is applied to the laser in the parameter regime, in which the solitary laser shows two-frequency emission. The dominating timescale of the polarization dynamics with feedback will be shown to be governed by the external cavity round-trip time. The LFF are shown to exist also for higher values of the dichroism. As for the solitary laser, a continuous transition will be demonstrated from LFF in both modes to LFF in only one of the two polarization modes at high values of the net gain anisotropy.
The outline of this paper is as follows: In the next section the experimental setup is introduced. In Sec. 3 the experimental results for the investigations in the solitary laser are reported. The results of the feedback experiments will be given in Sec. 4. The paper will be finished with some summarizing conclusions in the last section.
EXPERIMENTAL SETUP
In Fig. 1 the experimental setup is displayed. The VCSELs used in the experiments are commercial gain-guided devices (Emcore Corp., Model 8085-2010). We have chosen devices with an 8 µm wide aperture in order to ensure operation in the fundamental transverse mode up to more than twice the threshold current. The VCSELs are mounted in a temperature controlled copper holder that is attached to a thermoelectric cooling system. With this home built system the substrate temperature of the VCSELs can be changed and stabilized in a range from 6
First, the setup common to the experiments with the free running laser and with feedback is explained. The light emitted from the VCSEL is collimated using an aspheric antireflection coated lens. After passing through a half wave plate (λ/2), the orthogonally polarized components of the VCSEL output are split by a Wollaston prism (WP). For each polarization component the time averaged output power and the temporal dynamics can be measured by a low bandwidth detector (D) and an avalanche photo diode (APD) of 1.8 GHz bandwidth, respectively. The output of the APD is recorded with a digital oscilloscope with 1 GHz analog bandwidth. Radio-frequency (RF-) spectra are measured with a PIN-diode of 10 GHz bandwidth and a power spectrum analyzer of 20 GHz bandwidth. A scanning Fabry-Perot interferometer (FPI) with a finesse better than 150 and a free spectral range of 46 GHz is used to record optical spectra. Unintended back reflections into the laser are prevented by an optical diode (ISO). Images of the near field intensity distribution are obtained by means of a CCD-camera.
For the experiments with isotropic feedback a non polarizing beam splitter (BS) is inserted between the collimation lens and the half-wave plate. The BS directs 66% of the output power onto a highly reflective mirror that closes the external cavity. The external cavity round-trip time is 3 ns. The ratio of the light reflected back into the VCSEL is controlled by means of neutral density filters (NDF). The external mirror and the position of the collimation lens are adjusted to obtain mode-matched feedback. The criterion used is the maximal threshold reduction. By measuring the Stokes parameters in each output branch of the BS we confirmed that the polarization properties of the light in the external cavity is not altered by the BS. For this measurement a zero-order quarter-wave plate was used in addition to measure the circularly polarized fraction of the light. Figure 2 shows the polarization resolved power as a function of the injection current of one of the devices under study. At lasing threshold, both of the orthogonally polarized modes start to lase with equal time averaged power. The optical spectrum at the lasing threshold ( Fig. 3 ) exhibits two peaks with orthogonal linear polarization, i.e. the observation of power in both polarization directions cannot be attributed to emission of a single elliptically polarized mode. The amplitude and width of the two peaks are of comparable magnitude. Hence, we term this state 'two-frequency emission state'.
DYNAMICS AT THRESHOLD IN THE SOLITARY LASER
If the current is increased, the power of the mode with lower optical frequency surpasses the power of the other mode (5.12 mA), while the power of the mode with higher optical frequency is still increasing. This development continues, until the power of the mode with higher optical frequency reaches a maximum at about 5.2 mA. For further increasing current the power in this mode continuously decreases until it reaches the spontaneous emission level. From the optical spectrum ( Fig. 3 ) one can extract the dichroism from the difference of the widths (half width at half maximum, HWHM) of the two modes. 5 This method reveals for the device investigated here a dichroism at threshold of about 0.05 GHz (possibly resolution limited) in optical frequency units. Compared to values measured in others of our devices and with data reported in the literature (e.g. 5 ), this can be regarded as a rather small value.
In Fig. 4 the polarization resolved RF-spectra are plotted for an injection current close to the current value at which the output power of the mode with higher optical frequency has its maximum value. For both modes, resonances are present in the RF-spectra, which are due to relaxation oscillations (ν RO = 0.65 GHz). This is a further confirmation that really both modes are lasing. The RF-spectra exhibit also strong noise components at low frequencies and a high frequency tail. The latter is due to the presence of the second harmonic of the relaxation oscillation frequency. The relaxation oscillation peaks occur in both modes as long as the mode with higher optical frequency is above the spontaneous emission level.
In Fig. 6 the HWHM of the relaxation oscillation peak of the mode with lower optical frequency is plotted as a function of current. In linear approximation (i.e. in the small amplitude limit), the HWHM corresponds to the damping rate of the relaxation oscillations. The plot exhibits two different regimes. In each of them the dependence of the damping on current is linear but the slopes are different. The change of slope occurs at a current level of 12% above the lasing threshold. This value coincides with the one at which the mode with higher optical frequency is completely depleted. This indicates that the damping of the relaxation oscillations of the low-frequency mode is somehow affected by the presence of the other mode. However, this observation should be treated with caution, since this behavior has been observed only in one of the devices showing two-mode emission. Figure 5 (a) displays the temporal dynamics at constant current just above the lasing threshold. In both polarization directions bursts starting from the spontaneous emission level are observed. The bursts have amplitudes of an equal order of magnitude for both polarization components and appear with the same probability in a fixed time interval. This resembles the equal time averaged power that is observed at threshold (see Fig. 2 ). As soon as the power in the mode with lower optical frequency surpasses the power in the other mode, the bursts in the polarization direction corresponding to the mode with higher optical frequency appear less frequently. Simultaneously the amplitude of the bursts of the mode with lower optical frequency increases (Fig. 5b) . For this mode also an increase of the DC-level is observed, what is possibly due to the limited bandwidth of the detection system. At further increasing current the bursts in the polarization direction corresponding to the mode with higher optical frequency continuously disappear and the power of that mode remains on the spontaneous emission level.
To analyze the dynamics close to threshold, the cross correlation function of the time traces of the orthogonal polarization modes has been calculated. A typical cross correlation function for the regime of lasing in both modes is plotted in Fig. 7 . The cross correlation function reveals a clear anti-correlation of the dynamics in the two polarization directions. The (anti)correlation decays to zero within a few nanoseconds. Furthermore, the cross correlation function is modulated, indicating the existence of a well defined time scale of the fluctuations, and asymmetric with respect to zero time lag. Figure 8 displays the minimum of the cross correlation functions as a function of the injection current. The amount of anti-correlation exhibits a pronounced dependence on the injection level. Its development with current is qualitative similar to the development of the power of the mode with higher optical frequency, i.e. the maximum anticorrelation is observed at the maximum power of that mode.
To examine the dominating timescale of the polarization dynamics in the regime where both modes are lasing close to threshold, the frequency of the modulation of the cross correlation function in dependence of the injection current is plotted in Fig. 9 in comparison to the relaxation oscillation frequency. The square of the modulation frequency of the cross correlation function exhibits the same proportionality to the current normalized to threshold as the relaxation oscillations. Furthermore, both frequencies match each other within some fluctuations. From this we conclude that the polarization dynamics at threshold is dominated by the relaxation oscillations. The dependence of the characteristics of the two-frequency emission state on substrate temperature was studied in another device. Figure 10 shows the polarization resolved output power as a function of injection current and substrate temperature in that laser. At 63
• C the same scenario as described above is observed. It remains qualitatively unchanged for increased substrate temperatures up to the maximum recommended operating temperature of 70
• C. Also for a slight decrease of substrate temperature no qualitative changes are observed. The dichroism at threshold in this regime of two-frequency emission is low also in this device (≈ 0.1 GHz).
If the substrate temperature is decreased by a critical amount, the laser emits still in both modes at threshold, but with more power in the mode with higher optical frequency (61.5
• C). At increasing current, the highfrequency mode is depleted while the power in the orthogonal polarization mode increases continuously. A further decrease of the substrate temperature leads to a further increase of the difference in power of the two modes at threshold. In addition, the current for which the mode with higher optical frequency reaches its maximum power moves to higher values. This development continues, until at threshold only the high frequency mode is lasing (e.g. Fig. 10 , 55.5
• C). The low frequency mode is not lasing and remains on the spontaneous emission level until an abrupt polarization switching occurs at higher injection levels. In this operating regime the LI-curve corresponds to the ones reported before in the literature about polarization switching in VCSELs.
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The transition described above goes along with a continuous change of the dichroism, i.e. the dichroism is increasing with decreasing substrate temperature. The lower the dichroism, the closer to threshold is the polarization switching. If the dichroism is low enough or the point of polarization switching is close enough Figure 11 . Polarization resolved output power with feedback of -10 dB (threshold reduction 6.4%) at constant current 1% above the solitary laser threshold applied to the device investigated in Fig. 10 at 62 • C. The power of the mode with lower (higher) optical frequency is denoted by solid (dashed) lines. Part (b) is a magnification of (a).
to threshold, respectively, both modes are lasing at threshold. In conclusion, by a change of the substrate temperature the regime of emission of two lasing modes at threshold is continuously transformed into emission of only the mode with higher optical frequency at threshold and a polarization switching at higher current.
DYNAMICS AT THRESHOLD WITH ISOTROPIC OPTICAL FEEDBACK
In this section the dynamics of VCSELs around the solitary laser threshold are studied in the presence of isotropic, mode-matched delayed optical feedback. One -well-known (e.g. 26 )-consequence of the feedback is a reduction of the threshold current, with the magnitude of the reduction increasing with the amount of power that is fed back into the laser.
The device investigated first is the same as the one considered in Fig. 10 . The operating condition is chosen such that in the solitary laser both polarization modes are lasing at threshold, i.e. the dichroism at threshold is low. Figure 11 displays the dynamics with feedback at constant current slightly above the lasing threshold. In the presence of feedback, in both polarization directions bursts from the spontaneous emission level are observed that are separated by the external cavity round-trip time (3 ns). The amplitude of the bursts is continuously increasing until it abruptly drops to zero. After each dropout, the cycle is repeated. The period of the cycles is rather regular and of the order of several 10 ns. Between the bursts on the external cavity time scale, pulsations with a shorter period are observed that is at the edge of the analog bandwidth of our setup. This behavior resembles the LFF that are well known from edge-emitting lasers (see 24 and references therein).
Under these operating conditions, LFF are observed from current values slightly above the reduced threshold to current values a few percent above the solitary threshold. The period of the LFF-cycles is decreasing with current. Directly at the reduced threshold the dynamics are also dominated by the time scale set by the external cavity, but the temporal evolution of the pulses is not comparable to the typical LFF behavior.
The bursts in the orthogonal polarization directions on the time scale of the external cavity are anticorrelated (see Fig. 12 ), whereas the dynamics are correlated on the slow timescale of the LFF-cycles, i.e. the LFF-cycles in the orthogonal polarization directions are synchronous. In contrast to the solitary laser the polarization dynamics slightly above the solitary threshold are not governed by the relaxation oscillations.
By changing the substrate temperature to lower values, the dichroism at threshold is increased (see Sec. 3). For an intermediate value of the dichroism (e.g. 0.4 GHz) one of the modes is slightly favored. If in this regime the laser is subjected to isotropic feedback, LFF are observed for the dominant mode. The behavior of the weaker mode is different for different LFF-cycles of the dominant one. The weaker mode can remain on the spontaneous emission level or exhibit LFF with an amplitude lower than for the dominant mode. 27 If LFF occur in both modes, the correlation properties are the same as for low dichroism. In some cycles the weak mode also starts with typical LFF-dynamics, but the amplitude of the pulsations is damped after some point and decreases to zero towards the end of the cycle, whereas the amplitude of the pulsations in the dominant mode is still increasing, i.e. the dynamics of the two modes are anticorrelated on the slow time scale in these cycles. 27 This behavior is similar to the one reported in an earlier publication.
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The polarization dynamics with feedback in the vicinity of the solitary threshold for a device with large dichroism (4.5 GHz) are displayed in Fig. 13 . Also in this case LFF are observed, but now only for the polarization direction that is also dominating in the solitary laser. The orthogonally polarized mode remains on the spontaneous emission level as is the case without feedback. The current interval of the occurrence of LFF is qualitatively the same as in the low dichroism case. Also the shape of the LFF-cycles and the temporal characteristics in dependence on the injection current are not changed qualitatively.
The temporal dynamics of this laser have also been investigated with a detector of 20 GHz bandwidth and an oscilloscope of 6 GHz analog bandwidth and 20 GSamples/s (Tektronix TDS6604). Due to the small sensitivity of the detector, the signal was amplified by two inverting RF-amplifiers with 20 dB amplification and a bandwidth from 10 MHz to 20 GHz. As a consequence, the DC information of the signals has been lost and a simultaneous measurement of both polarization directions was not possible. A part of a time trace measured with this setup is shown in Fig. 14 . The pulsations between two bursts separated by the external cavity round-trip time appear irregularly. This has been confirmed by calculating the auto correlation function of this time trace (Fig. 15) . The fast timescale of the irregular pulsations does not occur in the auto correlation function, i.e. the dynamics are clearly dominated by the external cavity time scale.
For the large dichroism case, polarization degrees of freedom are not participating in the dynamics except for feedback strengths greater than -10 dB and current values far above the solitary laser threshold. In this regime, dropouts in the dominating polarization direction occur that are compensated by simultaneous bursts in the weak polarization (Fig. 16 ). Single dropouts/bursts are separated by the external cavity round-trip time and occur in groups. The polarization dynamics are anticorrelated on the timescale of the external cavity. The grouped fluctuations appear without a defined frequency and are separated by time intervals of approximately 100 ns. These fluctuations are different from the LFF discussed above, since the absolute power does not show a sharp power drop.
DISCUSSION AND CONCLUSIONS
In Sec. 3 it has been shown that the dominating time scale in the polarization dynamics in the two-frequency emission state at threshold is given by the frequency of the relaxation oscillations. This is a deterministic time scale. In former publications it has been found that the phenomenon of polarization switching is often accompanied by stochastic, noise driven hopping between the two modes at the switching point.
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This hopping has been interpreted as the noise-driven transitions between polarization states corresponding to the minima in a double-well potential. 6 The residence times the system stays in one state of polarization have been found to decrease over several orders of magnitude, if the switching point moves closer to the lasing threshold.
However, there have been no results published for polarization switchings at current values lower than 20% above threshold. For the two-frequency state at threshold no finite dwell times have been observed. Thus, the transition from polarization switching to the two-frequency state at threshold is also a transition from the dominance of stochastic to the dominance of deterministic time scales and processes. Fig. 10 shows that -starting from low temperatures -the polarization switching point moves to lower current values, if the temperature is increased. Starting from high temperature, the point at which two-frequency emission gives way to a single, linearly polarized state moves to higher currents, if the temperature is decreased. There seems to be a continuous transformation between the two regions. In this sense, the observed two-frequency emission can be regarded as the manifestation of bistability at threshold. Obviously, for a small enough dichroism none of the two modes is preferred at threshold. Since nonlinear contributions to the dichroism, which are according to the theory developed in 6 responsible for the finite well-depth and the finite dwell-time, will be weak very close to threshold (zero exactly at threshold), other mechanisms might become decisive for polarization dynamics. Our experiments indicate that these are the relaxation oscillations. This has to be clarified in future theoretical work.
In the presence of isotropic feedback again a change of the dominating time scale is observed. The polarization dynamics are now dominated by the external cavity, i.e. the dominating time scale is set by the external cavity round-trip time. This is also the case if no polarization dynamics occur and for strong feedback high above threshold (see Figs. 15 and 16 ).
From slightly above the reduced lasing threshold up to injection currents a few percent above the solitary laser threshold, LFF are observed in the presence of isotropic feedback. Besides the pulsations at the external cavity round-trip time, also fluctuations on a faster time scale are observed (Fig. 14) . However, these fluctuations are uncorrelated. This meets the results of previous investigations on scalar edge-emitting lasers with feedback, which report irregular pulsing on a sub-ns time scale (e.g. 28 ). However, we caution that these results are preliminary since the bandwidth of the setup used in our investigations is still limited (6 GHz) and the oscilloscope was only available for a few measurements.
The fact that the occurrence of LFF is observed for different orders of magnitude of the dichroism, suggests, that the LFF appear independent of the polarization dynamics. This is supported by the observation of the LFF in the same current ranges and with the same qualitative characteristics for different dichroism values. For large (low) dichroism, LFF are observed for one (both) of the modes. An intermediate dichroism results in 'mixed' dynamics. 27 Thus, in analogy to the dynamics in the solitary laser, the excitation of polarization degrees of freedom is ruled by the dichroism. As the continuous transition from the two-frequency state to the selection of a 'pure' polarization at threshold in the solitary laser is caused by an increase of the dichroism, the magnitude of the dichroism determines the amount of polarization dynamics in the vicinity of the solitary threshold with isotropic feedback.
In conclusion, in this paper we have given an experimental characterization of the dynamical properties of VCSELs operating close to threshold. For the solitary laser, a state of two lasing modes is observed for low dichroism values. The polarization dynamics of this state are governed by the relaxation oscillations and exhibit a current dependent anticorrelation. A change of the dichroism induced by a change of the substrate temperature results in a continuous transition to the selection of one lasing mode at threshold that is destabilized by a polarization switching at higher currents. With isotropic feedback LFF are observed. The polarization dynamics in the vicinity of the solitary laser threshold in this regime are dominated by the external cavity round-trip time and are anticorrelated on this time scale. The excitation of polarization degrees of freedom in the LFF regime has been shown to depend on the magnitude of the dichroism.
